BACKGROUND AND PURPOSE: MR perfusion imaging can be used to help predict glial tumor grade and disease progression. Our purpose was to evaluate whether perfusion imaging has a diagnostic or therapeutic impact on clinical management planning in patients with glioma.
G
liomas remain the most common malignant primary brain tumor in adults. 1 As improving second-and thirdline therapies for treating gliomas become available, [2] [3] [4] it is increasingly important to be able to predict tumor progression at earlier stages when patients maintain a performance status such that they can tolerate further therapies. It is also critical to accurately assess which gliomas on follow-up imaging are progressing on a current treatment regimen so that therapy can be modified appropriately. Given that standard therapy for highgrade glial tumors usually includes radiation as well as temozolomide, 5, 6 enhancing lesions associated with edema on follow-up imaging in patients with brain tumor can often represent either a treatment-related effect (eg, necrosis, pseudoprogression) or tumor progression, depending on the relative timing of therapy. 7 In fact, imaging response criteria have changed recently because of the inability of conventional MR imaging to accurately predict tumor progression, and new response criteria suggest allowing a 25% increase in tumor size before determining tumor progression by imaging. 8 Recent studies have indicated that perfusion MR imaging, both evaluation of relative CBV by using a DSC technique and CBF by using a PASL technique, can help predict the grade of astrocytoma and the likelihood of rapid progression. Some studies have also suggested that perfusion imaging may be helpful in differentiating treatment-related effects versus tumor progression. 11, 16, [31] [32] [33] These studies have suggested that MR perfusion imaging performs reasonably well as a diagnostic test in this setting. Given this evidence for diagnostic accuracy, a logical next step is to evaluate the extent to which having this perfusion imaging in a clinical setting affects the care of patients with glial tumors-that is, its diagnostic and therapeutic impact in patients with glial tumors. 34 The goal of the study was to determine whether an experienced multidisciplinary team of subspecialist physicians would find perfusion MR imaging useful in a clinical setting. In particular, we sought to evaluate whether the addition of perfusion imaging to routine MR imaging would significantly impact the intermediate outcome of treatment planning, including confidence in tumor status and a specific management plan.
Materials and Methods
The study was reviewed and approved by our institutional review board, which deemed it Health Insurance Portability and Accountability Act-compliant and waived the requirement for informed consent. Study subjects included consecutive adults (outpatients and in-patients) with either biopsy-proven glioma or imaging findings most consistent with glial tumor (in the absence of pathology) who were imaged at our center from September 2007 through May 2008. Since September 2007, all patients with a known or suspected intracranial mass have been imaged by using a brain tumor MR imaging protocol that includes either DSC or PASL or both (depending on scanner limitations). An individual patient was included in the study only once, at the point in time of their reference MR imaging (reflecting an episode of their care at a single point in time). Names of all patients undergoing brain tumor protocol MR imaging were acquired from the radiology information system records during a 2-year period. All patients' electronic medical records were reviewed by investigators (A.A., A.J.J.) who were not involved in the subsequent image interpretation or treatment planning. Patients with a known diagnosis (at the time of the reference MR imaging) of oligodendroglial tumor (n ϭ 10) were excluded because of known limitations in predicting tumor grade with perfusion. 13, 27 Four patients were excluded because a treatment-team member recognized the patient, and 1 was excluded because of very poor quality images.
Design
This was a prospective study evaluating the effect of the addition of perfusion MR imaging on hypothetical management plans (an intermediate outcome), in which the cases were acquired in a retrospective manner. After identification of the cases, the MR images were prospectively interpreted with a standardized reporting format (the NR report) by 3 NRs in consensus (years of experience: 13, 3, and 3). The NR report included both categorical (multiple choice and openended) and 10-point Likert-type items. The NRs were provided with all available relevant clinical information at the time of the reference MR imaging (eg, any previous biopsy results, treatment history, current symptoms). Each patient's reference brain MR imaging was interpreted twice by the NR group, always in the same order and always compared with the patient's prior MR imaging if extant. First, the examination was interpreted after a review of the routine sequences (T1-, T2-weighted, FLAIR, diffusion-weighted, and postcontrast T1-weighted and SPGR); second (immediately thereafter), after review of the routine sequences plus the perfusion MR imaging. Perfusion maps were qualitatively assessed by comparing the mass lesions with normal-appearing white matter in the same image. Hypothetical management plans were also determined prospectively. Each patient scenario was presented to the existing multidisciplinary treatment team of physicians who specialize in the care of patients with brain tumor at our institutional Brain Tumor COE. In clinical practice, the team treats an average of 250 new patients with brain tumors per year. For the study, this team, functioning within the National Cancer Institute-designated Comprehensive Cancer Center, always included a neuro-oncologist (16 years of experience), 1-2 neurosurgeons (10 and 14 years of experience), and 1-2 radiation oncologists (2.5 and 7 years of experience). The team meets weekly to discuss clinical patients, including formal reviews of treatment history, the latest MR imaging results, and current medical status, and to discuss treatment options and formulate a consensus plan.
For the study, the treatment team was asked to provide detailed hypothetical treatment plans in a standardized format (the neurooncology treatment plan). The neuro-oncology treatment plan included both categorical (multiple choice and open-ended) and 10-point Likert-type items. The treatment team was provided with all of the relevant clinical information as well as the NR report during the group's usual weekly clinical conference, to closely simulate the group's actual practice in the care of patients with brain tumors. For the study, the team was asked to indicate several parameters at the point in care of the reference MR imaging: tumor status (choices included improved, stable, or progressed), confidence in this estimation of tumor status (10-point Likert-type item), chosen management plan (categorical), and confidence in this chosen management plan (10-point Likert-type item). Both the NRs and the treatment team were asked to indicate the usefulness of the perfusion imaging in each particular patient at that snapshot in time and whether they would want perfusion imaging included in the future for that particular patient. The neuro-oncology treatment plan was completed twice for each patient: first, on the basis of routine MR imaging and the NR report of the routine MR imaging; and second, on the basis of the perfusion MR imaging and the NR report of the perfusion MR imaging. Both the NR group and the treatment team were also asked whether they found DSC or PASL more useful in each case.
Imaging
MR images on patients in the study were performed with either 1.5T Signa scanners or 3T Signa Excite scanners (GE Healthcare, Milwaukee, Wisconsin). Conventional MR images were acquired by using the following protocol: 3-plane localizer, sagittal T1-weighted spin-echo imaging, coronal fast FLAIR imaging, and axial fast T2-weighted imaging. Contrast-enhanced 3D SPGR, T1-weighted coronal and axial postcontrast spin-echo images were also obtained.
Our PASL technique, including methods for acquisition, labeling, and postprocessing, has been previously described. 35 This method includes single subtraction with thin section TI 1 periodic saturation 36 with a flow-sensitive alternating inversion recovery 37, 38 ; postprocessing involves subtraction of tag/control image pairs, motion correction, segmentation of the anatomic T1-weighted image, and voxelwise computation of CBF maps, which are then colored by using a standard scale and the resultant JPEG of the map sent to the PACS. 35 The DSC images were acquired with a gradient echo-planar imaging sequence during the second pass of a standard-dose (0.1 mmol per kg) bolus of gadopentetate dimeglumine (Magnevist; Bayer Schering Pharma, Berlin, Germany). Eleven to 16 axial sections were positioned to cover the tumor on the basis of the T2-weighted and FLAIR images. Imaging parameters were as follows: FOV, 230 ϫ 230 mm; section thickness, 5 mm on 1.5T and 7 mm on 3T; matrix, 128 ϫ 128; flip angle, 35°; and band width, 250 kHz. Contrast was injected at a rate of 4 mL per second, with one-third being administered as a loading dose and the remaining two-thirds being administered as a bolus for acquisition of a gradient-echo echo-planar T2* DSC sequence. DSC maps were created by MR imaging technologists by using the scanner or an Advantage workstation using FuncTool (GE Healthcare; semiautomated), with color-map images being sent to the PACS.
Analysis
The primary outcome variable was management plan at the point in time of care of the reference MR imaging. Results were analyzed by using statistical software (StatView, Version 4.5, 1996; Abacus Concepts, Berkeley, California). Analyses were performed by using descriptive statistics. Likert-type items for confidence were anchored at 1 for least confidence and 10 for greatest confidence. For each patient, direct comparisons were made between confidence in the tumor status and confidence in the treatment plan with routine MR imaging versus perfusion MR imaging. The effect of the MR imaging type on these parameters was evaluated by using the Wilcoxon signed rank test (treating the 10-point ratings as ordinal). Effect of the MR imaging type on the management plan was evaluated by the McNemar test. P values Ͻ .05 were considered statistically significant.
Results
A total of 59 consecutive adult patients with suspected glial tumors were evaluated, including 27 women and 32 men. Evaluations were performed separately by the NRs and the treatment team, at multiple sessions over 11 months. Among the 50 cases with known pathologic diagnoses from previous biopsy or resection, a wide spectrum of glial tumor histology was represented, with 6 grade I, 9 grade II, 10 grade III, and 25 grade IV glial tumors. Of the 9 patients who were initially presenting at the reference time of evaluation (ie, were treatment-naïve and had no previous biopsy), 7 had a subsequent tissue diagnosis of GBM, 1 had grade II astrocytoma, and 1 was treated presumptively as having a low-grade glioma (brain stem mass). Of the 59 patients, 2 were on antiangiogenic therapy at the time of the study.
Both the NRs and the treatment team of physicians were asked to indicate each patient's tumor status at the point in time of the reference MR imaging, with status choices including improved, stable, or progressed ( Table 1) . The NRs and the treatment team agreed on the tumor status in 45/50 episodes of care ( ϭ 0.81). The addition of perfusion imaging had a significant effect on the confidence rating for tumor status for both NRs (P Ͻ .007) and the treatment team (P Ͻ .04; Wilcoxon signed rank test). Table 2 details the type of effect the addition of perfusion images had on the NRs' and treatment team's confidence in the tumor status.
In 5/59 (8.5%) patient-care episodes, the management plan changed on the basis of the addition of perfusion imaging to the routine sequences (Table 3 ). An example is shown in Fig 1. Two of the 5 were cases in which confidence in tumor status decreased with the addition of perfusion images. Although the study was undertaken to evaluate the intermediate outcome of the impact on the management plan and not the effectiveness of the plan itself (ie, there was retrospective acquisition of patients, and hypothetical prospective treatment plans were created months to years after the actual treatment of these patients and therefore had no effect on their actual care), we undertook further poststudy chart review of these 5 patients to try to ascertain whether these changes in hypothetical treatment plans based on perfusion results would have been appropriate for these patients at the referenced point in time, given the actual subsequent course of their disease. In the patient in whom perfusion results led to a change in the hypothetical plan from biopsy to follow-up MR imaging (patient A in Table 3 ), the lesion on subsequent scanning 4 months later had not progressed and the MR imaging appearance was presumed at that time to be treatment effect. In the 2 patients in whom perfusion results led to a change from routine to shorter interval follow-up MR imaging (patients B and E), the first patient progressed through additional temozolomide treatment at the time of the reference MR imaging and then further progressed through the addition of an etoposide 4 months later and then elected hospice care; the second patient died 10 days after the reference MR imaging in acute renal failure. In the patient in whom perfusion results led to a change from routine follow-up MR imaging to re-resection (patient C), the next MR imaging at our institution 6 months later showed convincing evidence of further tumor progression and there was subsequent re-resection, which confirmed progression. In the patient in whom perfusion results led to a change from short-term follow-up MR imaging to enrollment in a therapeutic trial (patient D), the patient began additional temozolomide treatment at the time of the reference MR imaging but 3 months later had further progression and was started on an investigational trial.
Each member of the treatment team of physicians was also asked to rate their confidence in the team's chosen management plan at the care episode occurring at the time of the reference MR imaging. The addition of perfusion imaging had a significant effect on the team's confidence rating for their management plan (P Ͻ .0001, Wilcoxon signed rank test). Figure 2 shows the type of effect that the addition of perfusion images had on the treatment team's confidence in their chosen management plan.
Of the treatment-naïve patients evaluated at the time of initial clinical presentation (ie, with no previous tissue diagnosis), 1/9 (11.1%) had a change in the suspected diagnosis based on areas of increased perfusion within the lesion, changing the suspected diagnosis from likely low-grade to likely (24) 10 (20) a N ϭ 50 cases with previous tissue diagnoses. Numbers in parentheses are percentages.
high-grade glial tumor of the brain stem. On subsequent poststudy chart review, this 23-year-old patient later underwent stereotactic biopsy with scant tissue most consistent with grade II astrocytoma and was treated with 54 Gy radiation. Follow-up imaging at 6.5 months showed a stable pontine lesion with development of a second T2 hyperintense lesion within her upper cervical cord; both lesions were stable 6 months later. Among these patients with brain tumor, both the NRs and the treatment team found perfusion imaging to be useful (ie, Ͼ5 on the 10-point Likert-type scale) in more than half of these episodes of care. Both NRs and the treatment team wanted future MR imaging in these specific patients to include perfusion imaging (Fig 3) .
In 6 cases, only PASL was performed, and in 6 cases, only DSC was performed. In 47 cases, both DSC and PASL were performed with the reference MR imaging. In these 47 cases, NRs and the treatment team found either or both perfusion sequences to be useful in 41 (87.2%) and 38 (80.9%), respectively. Among these cases, both NRs and the treatment team indicated variable relative usefulness of the specific perfusion sequence (Fig 4) . NRs found neither type of perfusion sequence to be useful in 6 (12.8%), and the treatment team found neither to be useful in 9 (19.1%) of these care episodes. Among these cases for the NRs, 5/6 showed no changes at all on conventional sequences, and 1/6 showed decreased enhancement and T2 hyperintensity in a patient known to be on bevacizumab. Among these cases for the treatment team, 8/9 showed no changes on conventional sequences and 1/9 was treatment naïve without pathologic diagnosis.
Discussion
Recent studies have indicated that relative CBV and CBF associated with primary glial tumors of the CNS can be used to predict tumor grade and the likelihood of progression. Studies have suggested that perfusion MR imaging performs reasonably well as a diagnostic test in the setting of treated patients, in that high-grade gliomas typically have relatively increased CBF and CBV and treatment-related effects are associated with a relative decrease in CBF and CBV. 11, 16, [31] [32] [33] 39 However, to our knowledge, there is a paucity of literature regarding the extent to which these perfusion MR imaging techniques might actually affect treatment decisions in a clinical setting-that is, whether they have diagnostic or therapeutic impact. In particular, it has been unclear whether a group of experienced physicians who specialize in the treatment of patients with brain tumor on a daily basis would actually use perfusion imaging or find it helpful in clinical decision-making. In our study, we presented information related to single episodes of care, including clinical histories and current symptoms for 59 consecutive patients with gliomas to NRs for prospective scan interpretation, without and with perfusion imaging. Then we presented the same information and NR reports of current MR imaging results for these patients to the physicians in our multidisciplinary Brain Tumor COE treatment team for evaluation. The team's task was to formulate a consensus management plan by using this information, first without and then with the perfusion imaging. While focused on and experienced in the care of patients with brain tumor, the team members were not very experienced with perfusion imaging and were at the outset of the study fairly skeptical as to the clinical usefulness of perfusion imaging in this setting, in particular, whether perfusion MR imaging would offer additional useful information over conventional MR imaging.
The study results-particularly the finding of increased treatment-team confidence in the management plan in 57.6% of these patient episodes-suggest that even experienced and highly specialized clinical neuro-oncologic experts will often find perfusion imaging helpful in the commonly complex management decisions in patients with glial tumors. This result is not surprising given evidence that CBV or CBF measures or both have been seen in other recent (largely retrospective) studies to correlate with tumor grade and, in high-grade glial tumors, with cellular proliferation, response to treatment, and time to progression. 12, 13, 26, 27, 29, 30, 32, [39] [40] [41] [42] In the current study, not only was the experts' confidence significantly affected by the addition of the perfusion imaging, but the management plan was actually changed in 5 of the 59 patient episodes of care (8.5%). Although this was not a diagnosticaccuracy study, we subsequently retrospectively reviewed these patients' medical records and found that the changes suggested by the perfusion imaging interpretations seemed to have aligned with the subsequent behavior of their tumors in 4 patients (1 patient's subsequent tumor behavior could not be determined).
If approximately 8.5% of episodes of care for these patients are potentially affected by the inclusion of perfusion data and if we assume that a patient with a glioma is likely to be imaged approximately every 3-6 months, we suggest that perfusion imaging has a good chance of affecting clinical management for these patients at some time during the course of their disease. Given this potential for diagnostic and therapeutic impact, we suggest that it should, therefore, be considered as a standard part of their imaging. Our rationale is that perfusion imaging is noninvasive and can be included in the brain MR imaging that is already part of a patient's regular follow-up. Even if both types of perfusion scans are obtained, they add only approximately 11 minutes to the examination time. Individual scanner limitations, rather than throughput constraints, were the primary reason that we did not perform both PASL and DSC on all of these patients.
DSC is more widely accepted for the evaluation of perfusion in brain tumors. However, given the variable perceived usefulness of each technique in this study and published early evidence that ASL could possibly offer slightly greater accuracy in distinguishing tumor progression from radiation-induced changes, 43 we continue to do both sequences in patients with brain tumor. Our overarching goal in this technology application is to provide patient-centered care. We think that the required additional scanning time, postprocessing time (by our technologists or in an automated process), and interpretation time with these data would likely be considered worthwhile to most patients, given that the data have a reasonable chance of increasing the confidence of their physicians in determining their tumor status and management plan. Nevertheless, the effect on workflow is a concern for a busy neuroradiologic practice-which is a major motivator for our choosing to use qualitative rather than quantitative analysis of the imaging data.
The limitations of this study include its relatively small size and retrospective acquisition of cases. While there was some risk that NRs or physicians on the treatment team recalled specific patients (ie, from prior actual treatment) included in the study, we believe that the risk of this potential bias is small, because we delayed the onset of the study for Ͼ14 months after the latest reference MR imaging and included a question on each report and neuro-oncology treatment plan specifically asking whether participants recalled the patient in each case on the basis of the history or images. The prospective creation of management plans that are only hypothetical may also be considered a relative weakness of the study. However, given the aim of the study, we suggest that the design is not a weakness but a strength. The study was neither a test of diagnostic accuracy nor a prospective trial undertaken to affect patient care. It was designed to focus on other necessary aspects of the technologic assessment of a diagnostic test, namely the diagnostic and therapeutic impact. If a diagnostic test does not have an effect on management decisions, it would be difficult to argue that the test could be very useful in clinical care. The chosen design has been successfully used in other studies that evaluated the impact of imaging technologies on intermediate outcomes. 44, 45 Whether perfusion imaging has a positive effect on patient outcome was not studied with this design.
The study is limited in that we evaluated only a single episode of care for these patients, who are typically seen repeatedly during the course of their disease; we do not know whether perfusion data acquired over time will be useful in an individual patient with glial tumor. Given the expertise of all the physicians involved in the study and the referral pattern to our Brain Tumor COE, our results may not be generalizable to non-tertiary care settings, sites without a COE for brain tumor treatment, or settings where NRs are not experienced with qualitative assessment of perfusion imaging.
Before the performance of the study, the involved physicians had several years of experience in observing the quality and typical appearances of the qualitative perfusion maps we produce for hundreds of clinical brain tumor cases. The cause of the observed decrease in confidence in tumor status in a minority of cases is not known. Two of these cases led to treatment plan changes. We subsequently informally reviewed all of the other cases in which confidence decreased with the addition of perfusion images, and we found that common features included nearby susceptibility artifacts, small lesions, or low confidence levels with the routine MR imaging interpretations. It may be that closer imaging follow-up would be prudent whenever the addition of perfusion imaging leads to a decrease in confidence in tumor status.
Not all of our study cases had both DSC and PASL performed, so we are cautious in drawing any conclusions about which type of perfusion technique may be perceived as more useful. Cases in which neither perfusion sequence technique was thought useful tended to be those in which the conventional sequences had shown no change at all since the prior study. Finally, most published studies on the topic of MR perfusion for brain tumors have used quantitative analyses, so our qualitative analysis in this study may be considered a limitation. We know of no study directly comparing qualitative versus quantitative analysis of DSC perfusion data (though we are undertaking such a study currently), but a study by Kim and Kim 19 suggested that the ROC curve analyses showed no significant difference between quantitative and qualitative analyses with PASL. Because in our clinical practice, we qualitatively analyze perfusion maps (and judge that quantitative analysis on a routine basis is impractical given our volume and workflow), we deliberately sought to determine whether our typical evaluation of these data would impact the intermediate outcome of the management plan. We sought to examine the effectiveness, rather than the efficacy, of perfusion as we use the data in our current practice. Whether quantitative analysis of these data would prove more or less useful is not answered with this design.
Conclusions
The addition of perfusion imaging to routine MR imaging in patients with glial tumors appears to impact NRs' and treating physicians' confidence in tumor status as well as the treatment team's choice of a management plan and the confidence in that plan. Experts in the diagnosis and treatment of patients with brain tumors find perfusion MR imaging with qualitative analysis helpful in a clinical setting and want it in the future for these patients.
